In order to obtain detailed information about the genes expressed at the initial stages of rice (Oryza sativa) seed development, we investigated gene expression profiles in the wild type and endospermless (enl) mutant, at 2-3 days after pollination (DAP) and at 4-6 DAP by microarray analysis. Using rice 22k custom oligo DNA microarray, the intensity of gene expression in the wild type seeds at 2-3 DAP (WT-3D) was compared with that in other groups. As a result, 1,620 clones (22k spots on the array glass) exhibited differential hybridization signals. Although homology searches were conducted for these clones, the function of half of them remained unknown. Based on the comparative analysis of the gene expression profile in the wild type and enl mutant, the following results were obtained. The intensity of expression of about 1,000 genes changed from the 2-3 DAP to the 4-6 DAP stages. At the earliest stage (2-3 DAP), genes for defense against diseases or response to stressagents as well as genes for transporter proteins were strongly expressed. At the succeeding stage (4-6 DAP), genes for storage proteins, genes for enzymes of starch synthesis and genes for a transcription factor (zinc finger) were strongly expressed. These results suggest that microarray analysis is useful to elucidate the molecular mechanisms of endosperm formation through the characterization of the genes expressed at each stage of seed development. Despite a change in the expression of gene intensity at both stages of development, gene functions could not be identified. Extensive investigations should be carried out to reach a definitive conclusion.
Introduction
Rice is one of the most important crop plants considering the current scale of food crisis occurring throughout the world. In Asia, the life of most people depends on rice, and several studies on cultivation and breeding have been conducted a view to increasing yield. Although these studies have been successful in their purpose, i.e., raising yield, more extensive studies should be carried out address future food shortage issues.
In recent years, genetic studies on seed development in rice have made rapid progress, and the genes associated with embryogenesis have been identified based on microscopic observations of embryo development (Nagato et al. 1989 , Kitano et al. 1993 , Hong et al. 1995 , 1996 . On the other hand, there are few genetic studies on the mechanisms of endosperm development, especially considering that the endosperm had been an important food source from ancient times. Elucidation of the mechanisms of endosperm development, especially at initial stages, may enough to regulate genes for starch synthesis, storage proteins and other constituents. Furthermore, foreign genes which encode new proteins or RNAs could be introduced, in order to promote the production by cells of useful materials, i.e. biofarming.
Along with the advances in molecular genetics, rice plant is considered to be a suitable model for studying monocotyledonous plants because its genome (430 Mb) is the smallest among the Poaceae species and a large amount of information has been accumulated through extensive studies. Recently, genome investigations and collections of cDNA of many species have been actively promoted. In rice, sequencing of the whole genome was completed in 2002 (Feng et al. 2002 , Goff et al. 2002 , Sasaki et al. 2002 , Yu et al. 2002 , and more than 20,000 full-length cDNA clones were collected. Using the databases, detailed analysis of the genetic information became possible (Kikuchi et al. 2003) . The information obtained from cDNAs is a particularly useful source for investigating the structure and function of genes.
In order to elucidate the mechanisms of endosperm formation, it is necessary to determine how embryo and endosperm develop and interact with each other at the initial stages of seed formation at the molecular level. We considered that the analysis of genes expressed at the initial stages of development would provide a clue for the elucidation of the endosperm formation mechanisms. Consequently, we aimed of obtaining detailed information about the genes expressed using microarray analysis. As plant material, we selected the rice endospermless (enl) mutant (Kageyama et al. 1991) , which is suitable for studying initial embryo development because it is free from the effects imposed by the endosperm. The objective of these gene expression analyses was to elucidate the mechanisms of endosperm development and embryo-endosperm interaction.
Materials and Methods

Plant materials
The enl mutant is one of the diploid lines derived from an artificial autotetraploid line of rice, cv. Fukunishiki that was repeatedly irradiated by gamma rays during the meiosisripening stage in each generation. Although the mature seeds of the enl mutants lack the endosperm, the embryos are about two times larger than those of the wild type. In addition, they retain their ability to germinate and root despite the absence of endosperm. A plantlet of the endospermless line is capable of growing to maturity and is fully fertile, although its initial growth is retarded. It was found that the phenotype is controlled by a single recessive gene, enl1 (endospermless 1), since the number of normal to abnormal grains borne on a heterozygote fits to a 3 : 1 ratio (Kageyama et al. 1991) .
Wild type plants, cv. Fukunishiki, were grown in Wagner pots (1/5000 a) outdoors. The enl mutant seeds were dehusked and surface-sterilized in 70% ethanol for 30 s, vigorously shaken in 1% sodium hypochlorite for 20 min, and rinsed five times in sterilized water. Sterilized seeds were germinated on MS medium (2% sucrose, 0.8% agar, pH 5.8) for 2 weeks. They were adapted to outdoor conditions within a week, and then grown to maturity under the same conditions as those for the wild type. Caryopses were marked on the flowering day and collected at 2-3 days after pollination (DAP) or at 4-6 DAP. The collected caryopses were hulled, then immediately frozen in liquid N 2 , and stored at −80°C. In the present paper, samples collected at the 2-3 DAP and 4-6 DAP stages were referred to as 3D and 5D, respectively.
RNA preparation and labeling of probe
Total RNAs were extracted from frozen materials using ISOGEN (Nippon Gene, Japan) according to the manufacturer's protocol and instructions. Integrity of RNAs was checked using an Agilent 2100 Bioanalyzer (Agilent Technology, USA). Each total RNA (3 µg) was labeled with Cy3 or Cy5 (PerkinElmer Life Sciences, USA) using an Agilent's Low RNA Input Fluorescent Linear Amplification Kit (Agilent Technology).
Hybridization on microarrays and analysis
Cy3-or Cy5-labeled (1 µg each) target was hybridized to the Agilent rice 22k custom oligo DNA microarray (Agilent Technology) (Hughes et al. 2001 , Shoemaker et al. 2001 , Carter et al. 2003 . Hybridization and washing were performed according to the suggested protocol. "Selfexperiments" were performed to confirm the validity of the analysis by comparing the following four hybridization combinations: (1) Cy3-labeled WT-3D and Cy5-labeled WT-3D, (2) Cy3-labeled WT-5D and Cy5-labeled WT-5D, (3) Cy3-labeled enl-3D and Cy5-labeled enl-3D, (4) Cy3-labeled enl-5D and Cy5-labeled enl-5D. In "dye-swap experiments", the following 6 combinations were investigated to determine the difference in gene expression: (1) Cy3-labeled WT-3D and Cy5-labeled WT-5D, (2) Cy3-labeled WT-3D and Cy5-labeled enl-3D, (3) Cy3-labeled WT-3D and Cy5-labeled enl-5D. In these combinations, the fluorescent label was swapped. Hybridized microarrays were scanned using an Agilent Microarray Scanner (Agilent Technology). Feature extraction software (Agilent Technology) was used for image analysis and data extraction processes. The data were analyzed except for outlier data.
Results and Discussion
Difference in initial seed development in wild type and enl mutant Figure 1 shows the growing ovaries of the wild type and enl mutant at initial developmental stages and of seeds at maturity. Because the position of the embryo was not clear in the shrunken mature seeds of the enl mutant, seeds soaked in water for 24 hours were shown (rightmost).
Immature seeds of both wild type and enl mutant grew to 2 mm at 2 DAP, and 3-4 mm at 3 DAP. Ovaries in the wild type were formed at the top of the glume at 4 DAP, and the endosperm tissue swelled gradually. On the other hand, in the ovaries of the enl mutant, despite growth to a similar length, the endosperm tissue aborted. Histological observation of the sections indicated that the endosperm cells underwent degradation after 4 DAP (Kageyama et al. 1991) . Although the mature seeds of the enl mutant showed defective endosperm tissue, the embryo was larger than that of the wild type. The structure of the embryo was normal except for the large scutellum. The stage at which the embryo grew and the endosperm underwent degradation in the enl mutant is indicated in Figure 1 .
Since there were apparent differences in the growth of the endosperm between the 2-3 DAP and 4-6 DAP stages, we considered that extensive changes in gene expression had also occurred at 3 DAP. In the present study, immature seeds were collected at 2-3 DAP or at 4-6 DAP, and the differences in the expressed gene profiles between these samples were investigated.
Verification of microarray technique system
The scattered diagram of the signal strength of each spot (gene) in the "self-experiment" of WT-3D is shown in Figure 2 . Spots were distributed linearly (y = 0.996x) and the correlation coefficient was 0.995. Similarly, in the "selfexperiment" of WT-5D, enl-3D and enl-5D, the values of the correlation coefficients were 0.997, 0.997 and 0.992, respectively. Next, the "dye-swap experiment" to compare WT-3D versus WT-5D was conducted, and the ratio of gene expression was examined using two microarray slides. The expression ratio of each gene detected on both slides was linearly distributed (y = −0.989x) and the correlation coefficient was 0.982. In the other "dye-swap experiments", WT-3D versus enl-3D and WT-3D versus enl-5D, the correlation coefficients were R = 0.977 and 0.976, respectively. Since there were few variations in the intensity of expression for every gene between the two dye-swapping slides, we concluded that the microarray technique system could be used for expression analysis.
Genes expressed differentially
We considered that the genes for which the signal intensity changed by more than 2-fold compared with WT-3D (P < 0.01) were expressed differentially. In three samples investigated, 1,620 genes (22k spots on the slide) exhibited a differential expression (Fig. 3 and Table 1 ). In WT-5D, the expression of 954 genes changed, with 458 being up-regulated, and 496 down-regulated. These findings suggest that many genes worked cooperatively in seed development and that the members of the expressed genes changed as seeds grew. On the other hand, in enl-3D, 347 genes showed a change in expression, with 90 being up-regulated, and 257 downregulated. It was evident that the genes expressed at an early developmental stage in the mutant seeds (enl-3D) were different from those in WT-3D, but the difference was less pronounced than that observed between the seeds in WT-3D and 5D. Therefore, we concluded that the expression of many genes changed, as seed development proceeded from 3D to 5D. Based on microscopic observations, these changes were mainly related to the embryo and endosperm development. A comparison of the genes expressed at 3D and 5D may provide a clue for seed development during the initial stages.
Changes in gene expression in development at initial stages
In order to investigate the functions of the genes whose expression changed, "product annotation" in the rice full- length cDNA database, i.e. Knowledge-based Oryza Molecular biological Encyclopedia (KOME, URL: http:// cdna01.dna.affrc.go.jp/cDNA/), was searched. In that database, we found that 69.8, 27.9 and 2.3% of 1,285 genes, corresponded to genes of dicotyledonous, monocotyledonous, and other organisms', respectively. Moreover, genes with characterized functions accounted for 51.3% of the total. Based on the gene function, we investigated the relationship between the changes in the gene expression profile (Fig. 3 and Table 1 ) and morphological development (Fig. 1) . Cells in the rice embryo repeat divisions at 3 DAP, and then start to differentiate (Hoshikawa 1989) . In contrast, in the endosperm, the primary endosperm nuclei proliferate along the inside of the embryo sac wall, and form a layer. At about 3.5 DAP, the primary endosperm nuclei divide immediately and the nuclei are rearranged into two layers, after which the cell membrane begins to be formed around the nuclei. Then after, the endosperm cells increase by division, and they fill the embryo sac completely by 5 DAP. Based on these observations, we considered that the up-regulated genes at 5D were associated with the differentiation of organs in the embryo and with cell divisions in the endosperm. It is possible to associate cell divisions in the embryo and an increase in the number of endosperm nuclei with downregulation of genes at 5 DAP, namely the genes strongly expressed at 2-3 DAP.
Genes up-regulated specifically in WT-5D
The results showed that 351 genes were strongly expressed at 4-6 DAP in the wild type (WT-5D) ( Fig. 3 and Table 1 ). It was demonstrated that in rice, organogenesis in the embryo and cell divisions in the endosperm occur at 4-6 DAP. Therefore, we considered that the up-regulated genes at 4-6 DAP included the genes associated with embryo differentiation and endosperm cell division. The expression of the 351 genes did not increase in the enl mutants without endosperm (i.e., enl-5D). It is considered that the genes classified in this group were involved in cell proliferation of the endosperm. In 10 percent of these genes which occupied top positions (35 clones), about three-quarters were annotated. The genes for which functions were identified are listed in Table 2 . It was observed that the genes for storage materials in the endosperm and zinc finger type transcription factors were up-regulated in WT-5D.
The expression of the genes for prolamine and glutelin, i.e. storage proteins, and for the enzymes involved in starch synthesis, i.e. starch synthase and branching enzyme, was enhanced at 5D. This finding suggests that the genes for storage materials in the endosperm were expressed at the initial stages of endosperm formation (4-6 DAP). The expression of the Hageman factor inhibitor (Woo et al. 2001) , which is an endosperm-specific protease inhibitor in corn endosperm, was also found to be up-regulated.
Since several genes for zinc finger proteins, a kind of transcription factor, were strongly expressed at 5D, all the genes for zinc finger were investigated and are listed in Table 3 . Four of the 10 genes, AK112111, AK107294 (Washio 1999) , AK108315 (Li and Thomas 1998) and AK068306 (Sugimoto et al. 2003) , showed a pattern of upregulation in WT-5D. These genes were considered to be related to the transition from "the multiplication stage of the primary endosperm nuclei" to "the division stage of endosperm cells".
Down-regulated genes in both WT-5D and enl-5D
At 4-6 DAP, 127 down-regulated genes in both wild Table 1 . Table 1 . Number of genes whose expression changed (refer to Fig. 3) WT-5D enl-3D enl-5D Number of genes
↑: up-regulated, ↓: down-regulated. 1) Letters correspond to those in Figure 3 . N.D.: Not detected type and enl mutant were identified ( Fig. 3 and Table 1 ), which were considered to be associated with cell division of the embryo or the nucleus multiplication at initial stages of endosperm development. In 10 percent of the genes (i.e. 13 genes) which were found at the top of the group, all the gene products were annotated. The genes whose functions were identified are listed in Table 4 . It was observed that the genes for defense proteins and transporters were down-regulated in WT-5D and enl-5D.
Defense proteins, such as pathogen-related protein and thaumatin-like protein (Reimmann and Dudler 1993, Hu and Reddy 1995) , were listed. Although we cannot explain why such defense proteins are strongly expressed at 2-3 DAP, we consider that their function is to protect seeds from diseases during the initial developmental stages.
Since transporter genes for ABC and hexose were listed, we investigated the expression of other transporter genes (data not shown). Transporter genes for sucrose, mannitol, K, Zn nitrite and phosphate were down-regulated in both WT-5D and enl-5D, or only in WT-5D. Therefore, it is assumed that these transporter genes exert some function in embryo development, at the initial stages (2-3 DAP) of rice seed formation.
Down-regulated genes in all the samples
Forty-eight genes were found to be down-regulated in all the samples (Fig. 3 and Table 1 ). In other words, these genes were strongly expressed in WT-3D. Because the wildtype and enl mutant embryos displayed similar developmental patterns, that were demonstrated by microscopic observation (Fig. 1) , the genes classified in this group may function at the initial stages of development of the endosperm. Of the Nicotiana tabacum mRNA for Avr9 elicitor response protein 1) Expression ratio based on that of WT-3D.
2) The products of O. sativa were not given a plant name. 10 genes which occupied top positions, 7 genes were annotated, and in 6 of them, known functions were identified (Table 5) .
The expression of a gene encoding Embryonic abundant protein (Em protein) was depressed more strongly in both enl-3D and enl-5D than that of other genes (Table 5) . Although the Em protein was detected in the wheat embryo, its function has not yet been elucidated (Litts et al. 1987) . Since no differences in the embryo tissue between the wild type and enl mutant were observed, it was considered that the depression of the Em protein gene expression was related to the degradation of the endosperm in enl-5D, suggesting that the Em protein might be one of the embryonic factors which regulate the formation of the endosperm.
Next, we were interested in determining whether the genes encoding the LEA-like proteins (Galau et al. 1993) and dehydrins (Close et al. 1989) were strongly expressed in WT-3D. The LEA proteins accumulate at the late stages of seed development, of which dehydrin is also a member. Although the LEA proteins are induced by abiotic stress, such as drought and low temperature, their function has not yet been elucidated. Dehydrins are assumed to protect plants from drought. It is very interesting to note that the genes encoding proteins that accumulated at the late stages of seed development were more strongly expressed at 2-3 DAP than at 4-6 DAP. All the stress response genes found in the data are listed in Table 6 , most of which tended to be downregulated in WT-5D and enl-5D. This finding suggests that embryos must be tolerant to several kinds of stressagents, especially at the early stages of development (2-3 DAP). Moreover, it was shown that expression of the LEA-like protein and the dehydrin genes was down-regulated in WT-5D, enl-3D and enl-5D. We concluded that LEA-like proteins and dehydrins are both involved in the endosperm development and stress response.
Expression profiles of other genes
As shown in Fig. 3 and Table 1 , many genes were expressed in common in both samples. Both wild-type and enl mutant harbored 83 up-regulated genes at 4-6 DAP. It was considered that this group was related to embryo differentiation and to the growth of the ovary wall. The enl mutant harbored 60 down-regulated genes at both 2-3 DAP and 4-6 DAP. Although it is considered that the loss of gene expression in this group was related to a deficiency in endosperm development, few genes could be annotated in both groups, and characteristic genes were not identified.
Conclusion
In present study, we performed a cDNA microarray analysis using the wild type (WT) and endospermless (enl) mutant to monitor gene expression patterns during the initial stages of seed development in rice. The analysis of the microarray, which was constructed with about 22k cDNA clones, revealed the presence of 1,620 clones with more than 2) The products of O. sativa were not given a plant name. a 2-fold change (P < 0.01) in gene expression, compared with WT-3D. It is considered that these clones are related to the initial stages of seed development in rice.
Based on the results of a comparative analysis of upregulated and down-regulated genes between the wild type and the enl mutant, the following conclusions were drawn: 1. The intensity of expression of many (about 1,000) genes changed at the initial stages of seed development. 2. At the earliest stage of seed development (2-3 DAP), when the cells of the embryo and primary endosperm nuclei were dividing, genes for defense against diseases or genes responding to stressagents, as well as genes for transporter proteins were strongly expressed. 3. At the next stage (4-6 DAP), when the cells of the embryo started to differentiate and those of the endosperm divided actively, genes for storage proteins, genes for enzymes of starch synthesis and genes for transcription factor (zinc-finger) were strongly expressed. Because the function of half of the 1,620 clones was unknown, based on homology search using KOME, to be determined the role played by these clones during the initial stages of seed development remains. If the functions of these unknown clones could be defined, it may be come possible to elucidate the molecular mechanisms of rice seed development.
